I want to recount how my interest in the control of the oxygen affinity of the heme iron by the globin in hemoglobin diverted me to the study of the molecular mechanism of hereditary neurodegenerative diseases.
It began with my curiosity about why the equilibrium constant of the reaction of hemoglobin with oxygen varies over five orders of magnitude in different species, even though the structure of the globin surrounding the heme remains unaltered. At the low-affinity end are the hemoglobins of teleost fish, which can discharge their oxygen into the swim bladder against high pressures. At the other end of the scale lies a hemoglobin of the parasitic nematode Ascaris, which has an oxygen affinity so high that its oxygen fails to dissociate even in a vacuum.
Ascaris hemoglobin is an octamer of MW 324,800. Each of its subunits is made up of two tandemly linked globin domains with an 18 residue C-terminal extension in which the sequence Glu-Glu-His-Lys is repeated four times. When this sequence is plotted on a (3-strand, one side is lined with alternate glutamates and lysines, and the other with alternate glutamates and histidines. There have been many reports of leucine zippers, which tie a-helices together by mainly nonpolar interactions, but the Ascaris sequence suggested that it acted as a polar zipper, a feature not found in proteins before (1, 2 35 in the diseased ones. The severity of the disease was reported to increase, and the age of onset to decrease, with the number of glutamine repeats. In heterozygotes, both the normal and the abnormal protein are expressed in all tissues, but the abnormal one kills only neurons, specifically those in the striatum of the brain. Both proteins are found in he cytoplasm rather than the nucleus of neurons, and they are concentrated in the cell bodies, dendrites, fibers, and nerve endings (5) (6) (7) (8) .
Glutamine repeats and glutamine-rich domains also occur in many homeodomain proteins of Drosophila and in the human transcription factor SPI. (15) .
It remained to find out whether incorporation of glutamine repeats into a small monomeric protein of known structure would make it associate into oligomers. On the advice of Prof. A. R. Fersht, I chose chymotrypsin inhibitor-2 (CI2) from barley seeds, a small protein with an external loop of nine residues carrying the inhibitory methionine. Kelvin Stott, Jonathan Blackburn, and I engineered two constructs of C12 from which the first 20 disordered residues had been deleted. In one construct, we replaced the loop by the sequence Gly-Glnlo-Gly, and in the other we inserted that sequence into the loop. The two constructs, together with the truncated wild-type protein, were expressed in good yield in Escherichia coli. Fractionation of the cell extracts by fast-protein liquid chromatography (FPLC) yielded the truncated wild type as a single fraction, while each of the constructs yielded two additional fractions of higher molecular weight. Electrospray mass spectrometry of the fractions gave molecular weights that agreed to within the nearest proton with those calculated for the truncated wild type and the two constructs as monomers. On the other hand, analytical ultracentrifugation showed that the wild-type fraction contained only monomers, whereas the additional fractions contained in the two constructs represented dimers and trimers. The constructs gave circular dichroism spectra similar to those of the truncated wild type, showing that its structure must have been preserved in the constructs. A circular dichroism difference spectrum of the trimer versus the truncated wild type was similar to the 13-pleated sheet spectrum of Asp2-GlnLys2, while that of the monomer versus wild type resembled the spectrum of type I 13-turns.
It seemed important to determine the dissociation constants of the CI2 oligomers, but they proved stable up to 700C, above which they denatured. Nor did they dissociate in urea at concentrations below 3 M; at higher urea concentrations they denatured cooperatively with their glutamine repeats. These findings implied that both association and dissociation rates are extremely slow. The slow association rates of the monomers may be due to hydrogen bonds between main chain and side chain amides within their glutamine repeats which are folded into hairpins, while the slow dissociation rates of the oligomers are clearly due to the many intermolecular hydrogen bonds between the glutamine repeats linked into ,3-pleated sheets (16) .
What did these findings imply for the molecular mechanism of HD and the other four recently discovered inherited neurodegenerative diseases due to expanded glutamine repeats (17, 18) ? In HD, neurodegeneration is believed to result from a gain of an unknown toxic function rather than a loss of function (19) . Our experiments show that glutamine repeats act as polar zippers whose expansion may lead to either aberrant self-association of the affected proteins or to their association with other proteins. The most obvious inference would be that they cause selfassociation into large protein aggregates, but immunostaining of the degenerate neurons in postmortems of patients has shown no evidence for these. Alternatively, association with other proteins may poison the cells.
Li et al. searched for proteins with which the rat and human HD proteins associate (20) . They screened a rat brain DNA library by ligating a cDNA encoding the first 230 amino acids of the HD protein to a Gal-4 DNA binding domain plasmid vector of the yeast two hybrid system. They found one positive clone among 100,000 colonies. It had an insert of 600 base pairs encoding part of a new hydrophilic protein which associated with the human HD protein. Expansion of the glutamine repeat of the HD protein enhanced the association. The full protein of more than 600 amino acid residues contains a repeat of glutamates which would associate with glutamine repeats even more strongly than glutamine repeats would associated with themselves, because hydrogen bonds between amides and carboxylates are stronger than hydrogen bonds between amides. The protein is enriched also in human brain and appears low or absent from other tissues. Assuming that the human protein does the same as the rat protein, its discovery takes the search for the molecular mechanism of HD a big step further.
Even so, there remains a host of formidable questions to be answered. It is worth reflecting that I was led to the idea of glutamine repeats as polar zippers not because I had planned to work on neurodegenerative disease, but because I was curious about the high oxygen affinity of the hemoglobin of Ascaris lumbricoides, the intestinal round worm that infects approximately a billion people in the world today. I have often found that in a strange and unpredictable way my research plans me.
